observation that the amplitude of flow noise recorded by a hydrophone increases exponentially with speed (Finger et al., 1979) . In situ flow noise measurements are typically regressed against OCDR at high pitch, and then the calibration curve is applied to the entire time series (e.g. Fletcher et al., 1996; Goldbogen et al., 2006; Simon et al., 2009 ). This method is limited by errors at high and low speed (Goldbogen et al., 2006) , errors associated with imperfect regression relationships, and relies on devices with higher battery and memory requirements than other onboard sensors.
Here we describe an alternative speed estimation method that relies only on a pressure sensor and high sample rate accelerometers (> 40 Hz) which are now commonplace in animal-attached tags.
Accelerometers have been deployed on swimming animals from diverse taxa including birds (Noda et al., 2016) , cartilaginous fish (Gleiss et al., 2011) , bony fish (Wright et al., 2014) , cnidarians (Fossette et al., 2015) , pinnipeds (Ydesen et al., 2014) , and both small (Wisniewska et al., 2016 ) and large cetaceans (Goldbogen et al., 2006) . When moving through a dense medium like water at speeds above ~1 m s -1 , an accelerometer will record the continuous jiggling motion that results from passing through a turbulent flow (Movies 1 & 2). We demonstrate the jiggle method using data from three types of multi-sensor tags deployed on cetaceans and also test the method in a flow tank. Our data suggest that in addition to broader applicability, the jiggle method is robust to tag orientation differences and has smaller regression associated error than the flow noise method.
Materials and methods

Jiggle Method
The jiggle method can be implemented using Matlab v2014a (www.mathworks.com) code included as supplementary materials. The method was developed from the observation that the amplitude of stochastic tag motion increases exponentially with increasing speed (Fig. 1) , and this tag motion is measured continuously by the device's accelerometers. Accelerometers measure a combination of both specific (dynamic) and gravity-related (static) acceleration, but speed cannot be determined directly by integrating acceleration since small errors in calibration and tag orientation aggregate when integration of measured quantities is attempted, and because separating the two forms accelerometer jiggle RMS amplitude (J) of each bin is calculated on a dB scale relative to the accelerometer units.
Like any device that estimates speed based on water movement around an animal, different locations of the device on the animal and the size/shape of the animal itself will lead to different flow conditions and different water velocities at each tag location (Fiore et al., 2017; Schetz and Fuhs, 1999) . Thus, calibration in a flow tank is not solely sufficient for speed estimation using any currently existing method, and an in situ calibration must be performed for every deployment. The function SpeedFromRMS.m, which can also be used to calculate relationships for other speed metrics (e.g. flow noise), uses OCDR at high pitch angles (default |pitch| > 45°) as the known speed values, and allows the user to graphically adjust the default parameters to provide greater thresholds for pitch and depth to increase the accuracy of OCDR. The function also allows the user to exclude periods of high roll rate which, for large animals like the baleen whales in this study with body diameter of 3 m rolling at 40° s -1 (Segre et al., 2016) , could potentially add to the overall speed experienced by the tag in a non-forward direction.
Biologging devices attached with suctions cups are periodically subject to sliding on the animal's body surface, and in the process the tag may adopt a new orientation. 
In vitro tests
Utilizing suction cups designed for deployment on cetacean skin, we attached three types of CATS video tags (Cade et al., 2016; Goldbogen et al., 2017) The correlations were run for J calculated from the accelerometer jiggle at various frequency ranges ( Fig. S3 ) and this was used to determine both the range and axis that yielded the highest correlation coefficient.
In situ tests
The accelerometer jiggle method was tested using data from four tag types deployed on humpback whales (Megaptera novaeangliae), fin whales (Balaenoptera physalus), blue whales (Balaenoptera musculus) and Risso's dolphins (Grampus griseus) off the coast of California. All tags were deployed from a 6 m rigid-hull inflatable boat using a 6 m pole under NMFS permits #16111, (Cade et al., 2016) . Accelerometers for DTAGs, Acousondes, and CATS deployment mn161117-10 utilized a dynamic range of ± 2g, and remaining CATS deployments recorded at ± 4g.
Accelerometer jiggle amplitudes for 23 baleen whale deployments were calculated and regressed against OCDR at thirteen frequency ranges to determine which filtering range consistently gave the best results (Fig. S3 ). Using the 10-90 Hz frequency, forward speed was determined both with a univariate and multivariate regression on OCDR for 27 total deployments on all species. The pass filter is applied to both acoustic and accelerometer data, in the case of acoustics specifically to reduce flow noise, so care must be taken to choose a frequency band that is not adversely affected by the filtering.
Results
The amplitude of tag jiggle predictably increased with forward speeds greater than ~1 m s -1 across all tag deployments and tag types. We confirmed the jiggle-speed relationship in laboratory experiments and we clarified the accelerometer axes and frequency ranges (10-90 Hz) that provided the most robust predictors of speed (Fig. S3 , Eqn 2). The lower workable limit of the method was deployment-and tag-specific with a mean minimum detected speed of 0.9 ± 0.3 m s -1 (mean ± s.d.). We observed a single case of accelerometer clipping that was not associated with the tag breaking the water-air interface (Movie 2). In this case, a humpback whale with a CATS video tag deployed near the animal's head, the dynamic range of the accelerometer was set to its minimum value. The tri-axial tag jiggle method filtered at 10-90 Hz as described above resulted in an upper detection limit of 6.2 m s -1
At the upper limit, two deep-diving fin whales with dart-attached
, but if we used a lower-amplitude 70-90 Hz frequency band on only the yaxis signal (which was perpendicular to gravity for the high-speed event) it reduced the effect of clipping on speed determination (Movie 2). In the Risso's dolphins, clipping was more common occurring in two of the four deployments with accelerometers set to ± 2 g for a total of 12.9 s out of 20.1 hours of tag data.
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Among all tag deployments and tag types, the jiggle amplitude was correlated with OCDR regardless of whether our analysis included data from individual or multiple accelerometer axes. For most tags, the z-axis accelerometer data slightly improved results, but the z-axis performed poorly in dart-attached tags (Fig. S3) . The highest correlations were found using a multi-variate exponential model that included data from all three accelerometer axes (Eqn 2). This method increased mR 2 by 0.11 ± 0.07 (n=27) over the use of the vector magnitude of the three axes. Contrary to the tags in the flow tanks, for which including frequencies above 50 Hz did not improve results, R 2 values of the correlation for in situ deployments improved across tag types by including frequencies up to ~90 Hz (Fig. S3 ). This result implies that while the method can be used with sample rates as low as 40 Hz, sampling at rates higher than 180 Hz will improve speed estimation. deployed simultaneously on the same animal (Fig. 2) . The four data streams were comparable in both amplitude and inflection for both high and low speed events. The CATS tag detached earlier than the DTAG, first sliding back near the flukes. The faster speeds traveled by the peduncle while oscillating were recorded on the CATS tag as a 1 m s -1 difference in speed between the two tags (Fig. 2) .
Discussion
The method for determining speed from accelerometer jiggle has several notable improvements over previous methods (i.e. flow noise), but some limitations that were common to previous techniques persist. Specifically, our analyses suggest that the jiggle-speed method is: 1) resilient to changes in tag orientation, 2) combines multiple metrics (three accelerometer axes) into a single model (Eqn 2), 3) is less affected by ambient noises than the flow noise method (Fig. 3) , 4) has a high theoretical maximum detection limit, 5) is calculated only from low-power sensors that already exist on most devices, 6) is not subject to signal attenuation from pre-digitization high-pass filtering, and 7) exhibits higher model coefficients of determination (compared to flow noise) in all tag deployments sampled higher than 50 Hz. In addition to the ubiquity of accelerometers, the jiggle method has some advantages over propeller-based speed sensors that are commonly analyzed at 1 Hz resolution (Miller et al., 2016; Sato et al., 2003) , can stall at both high and low speeds, must be properly oriented in the flow, and, for deployments on animals in highly productive waters or who dive near the sediment, are subject to clogging with particulates.
Due to the potentially high dynamic range of accelerometers, the jiggle method could . These values are above the normal swim speeds of most marine mammals and fish (Block et al., 1992) and within the theoretical range of maximum speeds (10-15 m s -1 ) for cavitation-free swimming for lunate-tailed fish and mammals (Iosilevskii and Weihs, 2008; Svendsen et al., 2016) . Since clipping was more commonly observed in smaller animals we recommend increasing accelerometer range to ± 4 g for non-baleen whale deployments, though in some systems this may reduce the sensitivity.
The minimum detectable speed for the jiggle method of ~0.9 ms -1 captures the mean swimming speed of 87% of the species reviewed by Sato et al. (2007) . To detect slower swim speeds using the jiggle method, however, multiple accelerometers with different sensitivities could be used within the same tag. Alternatively, a dedicated device such as a semi-rigid antenna or dome that would vibrate or exhibit omnidirectional displacement in flow could be more sensitive to lower-speed flows. Currently, lower swim speeds are best measured by propeller-based systems (e.g. Sato et al., 2003) .
Like any process that relies on models to make predictions outside of the observed data, the jiggle method has error associated with extrapolation from regression. Nevertheless, two tags on the same animal gave nearly identical speeds using the jiggle method (Fig. 2) , with a mean difference between tags for data below 20 m of 0.16 ± 0.14 m s -1 . Additionally, substantial variance in the regression is likely due to inaccuracies in the OCDR metric, particularly during active stroking periods when pitch may deviate from the direction of forward travel (e.g. a 45° pitch with a 10° offset from the actual direction of travel would result in OCDR errors of 19%). When speed was measured in the flow tank, jiggle amplitude was more tightly correlated with speed (mean R 2 values were 0.97 ± 0.02 at the frequency range and axis with the highest correlation).
A final implication of the accelerometer-speed relationship is that biologically relevant signals may be obfuscated by high frequency accelerometer sampling during high-speed events, and caution should be used when analyzing accelerometer signals (e.g. accelerometer jerk (Simon et al., 2012; Ydesen et al., 2014) and acoustic calls (Goldbogen et al., 2014) ) that could occur simultaneously with high speed events. Additionally, animals that do not themselves experience forces above a typical accelerometer sensitivity of ± 2 g may nevertheless have datasets with clipped accelerometer readings due to tag jiggle at high speed, and these periods should be scrutinized to ensure that orientation estimation is not affected during these biologically important high-speed events. In conclusion, our analysis provides a greater ability to predict and understand these periods of high-amplitude accelerometer signals that have previously been treated as background noise (Saddler et al., 2017; Stimpert et al., 2015) , and details a method for utilizing these signals to estimate animal speed over a considerable range of values.
Journal of Experimental Biology • Accepted manuscript (Figure 3) , 4 refers to a single calibration curve for all 4 positions. In vitro data shown is for curves regressing the magnitude of all three axes versus the median flow speed over a one minute period. X-Z are calibration curves from the jiggle in each axis separately, and M is the calibration curve for the magnitude of all three axes. Tag type are arranged by color. In situ results are only for baleen whale species.
